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Manipulation of a single nanoparticle in the near-substrate areas of high-density plasmas of
low-temperature glow discharges is studied. It is shown that the nanoparticles can be efficiently
manipulated by the thermophoretic force controlled by external heating of the substrate stage.
Particle deposition onto or repulsion from nanostructured carbon surfaces critically depends on the
values of the neutral gas temperature gradient in the near-substrate areas, which is directly measured
in situ in different heating regimes by originally developed temperature gradient probe. The
measured values of the near-surface temperature gradient are used in the numerical model of
nanoparticle dynamics in a variable-length presheath. Specific conditions enabling the nanoparticle
to overcome the repulsive potential and deposit on the substrate during the discharge operation are
investigated. The results are relevant to fabrication of various nanostructured films employing
structural incorporation of the plasma-grown nanoparticles, in particular, to nanoparticle deposition
in the plasma-enhanced chemical-vapor deposition of carbon nanostructures in hydrocarbon-based
plasmas. © 2005 American Institute of Physics. DOI: 10.1063/1.2102868I. INTRODUCTION
The quest for reliable manipulation methods of the
plasma-grown or externally introduced nanosized clusters or
particulates remains a subject of intense interdisciplinary re-
search efforts aiming to achieve a great deal of management
of the building units of various nanoscale assemblies in the
ionized gas phase and in the vicinity of nanostructured
substrates.1–3 Depending on the specific requirements of the
nanostructure being targeted, different atomic, supramolecu-
lar, cluster, and mesoscopic units can be used for this
purpose.4–10 For example, active e.g., with activated dan-
gling bonds, in excited or ionized states radicals, macromol-
ecules, and small nanoclusters are ideal for the assembly of
exotic nanostructures or single-crystalline advanced
materials.11–14 On the other hand, structural incorporation of
larger units, such as larger nanoclusters, fine nanocrystals, or
aggregates, is often beneficial for the beam-or plasma-
enhanced chemical-vapor deposition PECVD of nanostruc-
tured e.g., nanocrystalline films.15–22
Our focus here is on manipulation of the mesoscopic
nanosized building units in high-density, low-temperature
plasmas of low-pressure glow discharges by managing the
dynamic balance of the plasma forces. In this context, the
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ing of the nanocluster and nanoparticle NP nucleation and
growth, their applications for the PECVD of mostly silicon-
based nanostructured films, and relevant discharge modeling
see, e.g., Refs. 18, 20, 21, and 23–29 and references
therein. On the other hand, the existing models of the solid
particle dynamics in the near-electrode areas are mostly lim-
ited to micron-30 and submicron-sized31 particles and con-
sider essentially particle motion-free cases. For example, it is
a common assumption in the studies of the force balance in
the complex “dusty” plasma discharges that a test grain
moves from one point to another with a negligibly small
directed velocity. At certain often called “levitation point”
position in the vicinity of the deposition surface, the repul-
sive electrostatic and thermophoretic32,33 forces balance the
driving ion drag force and the particle is levitated trapped
and cannot reach the substrate unless the discharge is turned
off deposition in the afterglow7,21. In the latter case,
polydisperse distributions of the particle size are frequently
observed.
In reality, moving through the relatively long compared
to the plasma sheath presheath area, the usually negatively
charged particle can acquire sufficient momentum to reach
the surface even during the discharge operation. In this case,
one should expect that only particles of a certain size can
overcome the near-substrate potential barrier. In our previous
experiments on the plasma-aided nanofabrication of carbon-
based electron field emitter arrays, fallout of nanoparticles
34–39has frequently been observed. Complete absence or re-
© 2005 American Institute of Physics7-1
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 This armarkable size selectivity of NP distributions on nanostruc-
tured surfaces was tentatively attributed to external heating
of the deposition substrate.37,38 However, this assumption has
not been adequately quantified due to the lack of direct ex-
perimental measurements of the near-substrate temperature
gradients.
In this paper, we report the results of direct in situ mea-
surements of the values of the near-substrate gas temperature
gradients by an in-house designed miniature temperature gra-
dient probe TGP. The experimental results are used for the
development of the numerical model of size-selective depo-
sition of NPs grown in low-pressure high-density inductively
coupled Ar+H2+CH4 plasmas. The near-substrate area com-
prises a variable-length collisional presheath and a self-
consistent collisionless sheath. The inertia gain of the NP in
the presheath is rigorously taken into account in the compu-
tation of the equilibrium charge, dynamic balance of the ma-
jor ion drag, electrostatic, and thermophoretic plasma
forces on the test particle, and the potential energy of the test
particle. In this way, general and applicable for a wide range
of low-temperature plasma glows conditions facilitating the
nanoparticle deposition on the substrate during the discharge
operation are formulated. Likewise, the effect of the thermo-
phoretic force on the NP dynamics is quantified and related
to the experimental results. In particular, our results suggest
the possibility of controlling the NP deposition onto nano-
structured surfaces by additional substrate heating causing
remarkable variations of the near-substrate gas temperature
gradients.
II. EXPERIMENT
To study the effect of the near-substrate gas temperature
gradient TG on the film surface morphology, a set of ex-
periments on carbon nanofilm deposition under different sub-
strate heating regimes has been performed.
A. Carbon nanofilm deposition in two different
temperature regimes
In the experiments, a high-density plasma of Ar85%
+H210%+CH45% gas mixtures was sustained, with rf
powers of 2 kW, in a low-frequency inductively coupled
plasma ICP reactor. The base pressures were typically
10−5 Torr. The detailed description of the reactor, process
control instrumentation, and plasma diagnostics can be found
elsewhere.40 Nanostructured carbon films Fig. 1 were de-
posited on Ni-coated highly doped silicon substrates. The
working pressures of the reactive gas mixture were main-
tained at 42–43 mTorr. The deposition process was sepa-
rated into three stages. First, high-purity argon was intro-
duced for 30 min for the purpose of conditioning the
deposition substrate and surfaces of the reactor chamber and
substrate holder. At the end of the first stage, hydrogen was
added to argon to perform the 20 min reactive chemical etch-
ing of the catalyst surface. Finally, methane was let in to
carry on the actual 40 min plasma-assisted deposition pro-
cess in the Ar+H2+CH4 rf glow discharge. An internal heat-
ing element, built into the substrate stage, was powered by a
variable ac power supply. The above recipe has extensively
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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of various carbon-based nanostructures34–36,39 and optimized
in this set of experiments to obtain specific with and without
particles surface morphologies.
The surface morphology of the as-grown nanostructured
carbon films has been studied with a JEOL JSM-6700F field
emission scanning electron microscope SEM. When the
deposition substrates were not externally heated, fairly
monodisperse nanoparticle distributions Fig. 1a have
been observed. On the other hand, when the external heating
power was applied to the substrate at exactly the same dis-
charge parameters the deposition surfaces were free of
nanoparticles Fig. 1b.
We have also studied the effect of variation of the sub-
strate heating power Ph on the NP size distribution over the
selected areas of the deposition surface e.g., shown in Fig.
1. It is remarkable that the average size of the particles
consistently increases with the substrate heating power even
at moderate powers of several tens of watts, as can be seen
in Fig. 2. Moreover, the nanoparticle radius distribution func-
FIG. 1. Scanning electron micrographs showing a fairly monodisperse
distribution of NPs on the surface without external heating; b no particles
when the substrate is heated Ph=50 W. Process parameters are detailed in
Sec. II A.tion NPRDF becomes more smooth and less monodisperse
ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
 21 Jul 2014 01:21:52
103507-3 Nanoparticle manipulation in the near-substrate areas… Phys. Plasmas 12, 103507 2005
 This arat higher Ph. It is thus reasonable to presume that by increas-
ing additional substrate heating Ph, one effectively changes
the temperature gradient in the vicinity of the substrate, and
hence, the associated thermophoretic force acting on the NP.
This force is size selective at least in the submicron range,
and preferentially repels smaller particles.
This assumption will further be tested experimentally
and numerically. In the following subsection, we will experi-
mentally establish the link between the temperature gradient
in the near-substrate areas and the heating power. This will
further enable us to link the NP size distributions Fig. 2 to
the TGs at fixed Ph see Sec. V. Meanwhile, the numerical
model of the nanoparticle dynamics in the near-substrate area
Sec. III will be used to elucidate the dependence of the
minimum NP size capable to deposit on the surface during
the discharge run on the value of the TG. A combination of
the experimental and numerical results will enable us to criti-
cally assess the possibility of size-dependent deposition of
the plasma-grown nanoparticles during the PECVD of
carbon-based nanostructures in hydrocarbon-based plasmas.
B. Temperature gradient measurements
The temperature gradients have been estimated by as-
suming that the additional heating power is continuously and
isotropically removed from the substrate holder by the adja-
cent neutral gas. In this case, we have Tg=Tg
0+Tg,
where Tg
0 is the temperature gradient without any external
substrate heating and can be used as a background TG. On
the other hand, the additional temperature gradient Tg de-
pends on the power released in the heater and can be esti-
mated as Tg= Ph /Sh, where Sh is the surface area of the
substrate holder, Ph is the power applied to the heater, and 
is the coefficient of the thermoconductivity of the working
gas assumed to be argon due to prevailing high-dilution
conditions, which is 0.027 W / m °C for Ar at 230 °C.41
The estimated temperature gradient is linear with respect to
Ph and equal to 100 °C/cm for 50 V heating power.
The gas temperature gradient was measured by an in-
house designed TG probe. Due to very narrow 0.3 mm
near-substrate sheath areas in high-density plasmas of our
interest here, the TG has been measured in the presheath
area. The TGP consists of three Pyrex-covered spatially
FIG. 2. NPRDFs at different values of the heating power. Here, ap is the
nanoparticle radius. Other discharge parameters are the same as in Fig. 1.separated shielded thermocouples as shown in Fig. 3. Each
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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ings enclosed by an 8-mm-wide quartz tube matching the
diameter of one of the diagnostic portholes in the diagnostic
side port of the vacuum chamber. The distance between the
lower and upper thermocouples is 8 mm. The TG probe en-
abled us to perform detailed time-resolved in situ measure-
ments of the gas temperature at different spatial points simul-
taneously.
The 0.2 mm Pyrex shields on the probe tips minimize
the adverse effect affecting the accuracy of the measure-
ments of the thermocouple tip heating by the ion currents
from the plasma. It should be mentioned that since the ion
and electron densities are strongly nonuniform in the imme-
diate proximity of the substrate e.g., the plasma sheath
area, the accuracy of the TGP measurements in the
presheath area improves with distance from the substrate sur-
face and is the best in the plasma bulk. As will be seen from
the following, the uniformity of the plasma parameters is
essential to ensure that all three thermocouple tips in the
TGP are subject to the same conditions of the plasma-surface
interactions.
In general, direct temperature measurements in the
plasma are quite complicated, since the temperature of the
probe is a combined effect of thermal motions of the dis-
charge species, including electrons, ions, and neutrals. It is
stabilized as a result of dynamic power balance between the
hot electrons and ions and relatively cold neutrals. The equi-
librium surface temperatures of each of the thermocouple
tips can be determined from the following heat flux balance
equation:
Qe + Qi+ + Qchem − Q − Qn = Qext, 1
where the fluxes Qjj=e , i are functions of the parameters of
the relevant plasma species. In particular, Qe= IeTe+Vtip,
where Te is the electron temperature and Vtip is the tip poten-
tial with respect to the plasma. In Eq. 1 Qi= IiVtip+i
stands for the energy of recombination of ions, taking place
on the surface of the Pyrex shielding the ionization energy
of Ar is i15.8 eV. In the vicinity of the probe’s surface
the electron and ion currents are balanced Ii= Ie yielding
the tip potential Vtip, which can be easily estimated for given
42
FIG. 3. Sketch and positioning of the TGP in the discharge chamber.plasma parameters.
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 This arTerms Qchem and Q in Eq. 1 denote the heat released
in chemical reactions on the thermocouple tip surfaces in the
reactive plasma environment and power exchange between
the probe and the environment through radiation, respec-
tively. The term Qext in the right-hand side of Eq. 1 incor-
porates secondary electron emission, Ohm heating, UV ab-
sorbtion, induced eddy currents in the thermocouple shell,
and other processes, not accounted for in this model. For
instance, Qext is commonly used to quantify the additional
heating/chilling of solid surfaces subject to the plasma, such
as externally heated substrate stages. Thus, in the following
it will be assumed that Qext /Qn1.
The last term in the left-hand side of Eq. 1, namely, Qn,
is the only heat flux that depends on the neutral gas tempera-
ture Tg. It describes the heat loss through the neutrals, and
for a dilute gas is43
Qn = 
Tprobe − Tg
Tg
,  =
p0
4
 + 1
4 − 1 8kBmn	 , 2
where  is the ratio of specific heats of the gas, p0 is the gas
pressure, and mn is the mass of the neutrals. Here,  is the
accommodation coefficient to account for the partial adsorp-
sion of gas molecules. Even though our experiments do not
aim at accurate gas temperature measurements as such, the
nonlinear relation between the gas and the probe tempera-
tures described by Eq. 2 also complicates the gradient mea-
surements. Fortunately, the differences between the tempera-
tures of the macroscopic thermocouple tips and the
background gas can be quite small compared to Tg Ref. 44
at elevated rf input power levels, when the gas in the reactor
is hot and thermocouples reach thermal equilibrium with the
background gas. In this case, we can use Ttip−Tg /Tg as a
small series expansion parameter to simplify Eq. 1. How-
ever, in industrial applications, such as plasma synthesis of
crystalline silicon nanoparticles with much higher surface-to-
volume ratios than those of the bulk thermocouple tips,
chemical reactions on the nanoparticle surfaces can signifi-
cantly increase the surface temperature with respect to Tg
and invalidate the above series expansion. This remarkable
temperature difference can be a decisive factor in the effi-
cient silicon nanoparticle crystallization in silane-based
plasmas.45
Let us assume that the temperature of the gas in the
vicinity of tip 2 is known and equals to Tg
2
. Then the corre-
sponding value for tip 1 will be Tg
1
=Tg
2+Tg, where
TgTg
1,2
. Writing Eq. 1 for both tips, after some alge-
braic manipulation, for the temperature difference between
the two tips Tg one obtains
Tg =
2Tg
2
Tg
2 + Ttip
1
1 + 4Ttip13Tg2 Ttip1 − Ttip2 , 3
where the spatial variation of Qi, Qe, Q, and Qchem has been
neglected. The second term in square brackets in Eq. 3
quantifies the effect of the radiative cooling of the probe’s
surfaces and has been derived by assuming a small tempera-
ture difference between the tips of any two of the thermo-
couples, treated as black radiative bodies, due to carbon-
containing contamination. The estimates show that the
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
131.181.251.131 On: Mon,radiative cooling effect strongly affects the accuracy of the
TG measurements, with the actual values of the temperature
gradient being higher than the one obtained directly from the
thermocouple measurements. Another critical assumption of
Eq. 3 is the spatial uniformity of the plasma parameters and
equal impact of any heat transfer processes, such as the
chemical reactions mentioned above, on any of the three
thermocouple tips. Strictly speaking, this is valid when the
spatial variations of the plasma parameters are negligible
over distances comparable with the gap between any two of
the individual thermocouple tips.
For the same reason, hydrocarbon films deposited from
reactive environments of Ar+H2+CH4 plasmas onto the
thermocouples equally affect the accuracy of the temperature
measurements by each of the three thermocouples and do not
affect the TG measurements. We emphasize that one should
exercise a certain degree of caution since the contaminant
film thickness, generally speaking, varies with time depend-
ing on relative rates of hydrocarbon material deposition to
and removal e.g., due to reactive ion etching or physical
sputtering from the tip’s surface. This problem is typical to
most of the common in situ plasma diagnostic tools, for ex-
ample, the contamination created within a few seconds fol-
lowing the reactive gas inlet significantly affects Langmuir
probe measurements in typical reactive plasmas.46 For this
reason, our TG measurements did not start until at least
1–2 min after any discharge or process parameter had been
changed. In our experiments, this time was allowed for the
hydrocarbon contaminant films to reach their equilibrium
thickness.
A typical dependence of the probe temperature on the
substrate heating power in our experiments is presented in
Fig. 4a. The solid curve corresponds to the thermocouple
located closer to the substrate. One can notice that in this
case the TG is negative. The measured temperature presented
in Fig. 4a is a combined effect of ions, electrons, and neu-
trals. Additional investigation would be needed to single out
the contribution of the species with quite different tempera-
tures.
In calculations of the temperature difference between the
two tips Eq. 3, the substrate stage temperature Tsub has
been used instead of Tg
2
. We emphasize that the actual value
of Tg can be several tens of degrees below the value mea-
sured by the substrate temperature controller. However, from
Eq. 3, it follows that this notable difference between the
recorded and measured temperatures leads only to minor
overestimates of the temperature gradient, usually not ex-
ceeding a few percent.
It is notable that the reproducibility of the TG measure-
ments was very good, with typical variations within the se-
ries of similar experiments not exceeding 5%. We emphasize
that the diagnostic technique of our interest here yields rela-
tive temperatures of the neutral gas at different spatial points
and is suitable for accurate measurements of the TG.
The actual temperature gradient has been calculated ac-
cording to Eq. 3 and is presented in Fig. 4b. From Fig.
4b one can conclude that the temperature gradient de-
creases with distance from the substrate surface. Indeed,
ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
 21 Jul 2014 01:21:52
103507-5 Nanoparticle manipulation in the near-substrate areas… Phys. Plasmas 12, 103507 2005
 This arTg55 °C/cm for a TGP located closer to the substrate
23 mm above the surface and 42 °C/cm at an upper
31 mm position.
The scanning electron micrographs of the surface mor-
phology of the as-deposited films Fig. 1 suggest that such
temperature gradients appear to be sufficient to control the
nanoparticle deposition process. More importantly, the above
accurate values of the TG are reasonably close to the simpli-
fied estimates made at the beginning of this section.
It is noteworthy that the additional heating of the sub-
strate affects the neutral gas only, therefore the variation of
the temperature gradient shown in Fig. 4b reflects the
variation of the thermophoretic force, which in turn affects
the threshold radius of the particles that can deposit during
the discharge run.
III. NUMERICAL MODEL
In our simulations, the near-electrode area is separated
into three distinctive regions as shown in Fig. 5. In reality, a
nanoparticle deposition process involves the two stages,
namely, a relatively long growth stage and a faster transport
towards the deposition surface. Our focus here is on the par-
ticle transport from the plasma bulk towards the deposition
substrate through presheath and sheath regions under the ac-
tion of the major external forces, such as the ion drag, elec-
tric, neutral drag, gravity, and thermophoretic forces.
The motion of a single nanoparticle under the action of
FIG. 4. a Typical values of Tg vs the heating power, measured by the TGP.
The solid and dashed lines correspond to the lower 23 mm above the sub-
strate and upper 31 mm thermocouples, respectively; b temperature gra-
dient Tg vs the substrate heating power for two different positions of the
TGP. The solid and dashed lines correspond to the distance of 5 and 23 mm
between the substrate surface and the lower thermocouple. In this graph, the
value at Ph=0 depicts Tg
0
, and the variation for higher heating power
determines the additional gradient Tg.the main forces is considered and the dynamic variation of
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
131.181.251.131 On: Mon,its velocity in the x direction is taken into account. The
electron/ion density profiles ne,ix and electric potential 	
are considered uniform in the plasma bulk, thus there is no
force acting on the particle and the velocity is negligible. The
particle motion becomes appreciable at the edge of the
plasma bulk.
A. Default set of parameters
The potential in the plasma bulk is chosen as a zero
reference potential 	x
−lpr=0 Fig. 5. In this area, the
densities of all the species are spatially invariable, whereas
their fluid velocities are very small. A typical set of the
plasma and nanoparticle parameters in the computations was
chosen from our experiments with high-density inductively
coupled plasmas.34–36,39,40 Throughout the computations, we
have used the plasma density n0=ne,i=1.11018 m−3, the
density of neutrals nn=1020 m−3, masses of the positive ions
and neutrals mi=mn=40 amu, temperatures of positive/
negative ions Ti
±
=0.2 eV, population of negative ions not
exceeding 20%, temperature of electrons Te=2 eV, the
presheath width lpr=2 cm, and dc bias Vs=−80 V, unless
specified otherwise. The default values of the particle size
and mass density are 30 nm and 2103 kg/m3, respectively.
Other parameters are detailed in each specific case. The val-
ues of the above parameters control the equilibrium profiles
of the plasma parameters in the presheath and sheath areas.
To elucidate the optimal nanoparticle deposition conditions,
each of the basic parameters has been varied independently
while all other parameters being fixed.
B. Presheath model
In the following calculations, a two-scale model for the
presheath and sheath areas is used. In the presheath region,
notable directed ion fluxes are formed giving rise to the ion
drag also frequently termed “ion wind” force that drives the
particle towards the substrate. Thus, it becomes apparent that
the presheath width is a crucial parameter in the momentum/
inertia gain of the fine particle. It is generally believed that a
typical presheath is of the order of a few mean free paths of
the plasma ions in ion-neutral collisions and depends on the
size and geometry of the vacuum chamber, substrate bias,
and some other parameters.42,47 In our computations, the
presheath width lpr was varied in the range of 0.5–2 cm,
48
FIG. 5. Model of the near-electrode plasma area used in the computations.which is consistent with the reports of other authors.
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 This arThe accelerating force depends on the profiles of the
plasma parameters in the presheath as well as on the value of
the electric potential 	pr=	x=−lpr at the sheath-presheath
edge. The following spatial distribution of the electrostatic
potential in the presheath areas has been used in the compu-
tations:
	x = Te lncos x + lpr , 4
where = lpr
−1 cos−1exp	pr /Te can be found from the
boundary conditions on the sheath-presheath edge note that
	pr
0. Equation 4 is valid in the approximation of the
free diffusion of the positive ions in the plasma bulk.42
The value of 	x=0 at the sheath-presheath edge,
	pr = Te/21 + Te/Ti
−
− 1s , 5
has been calculated by using the Bohm criterion, where s
=ni0
− /ni0
+ stands for the relative density of negative ions in
the plasma and Te is the electron temperature.42 For electro-
positive plasma glow, s=0 and 	prTe /2.
The directed velocities of positive ions in the presheath
vi
+x = − 2Zi+e	x/mi+ 6
have been found by invoking the energy conservation and
neglecting the ion flux in the plasma bulk, where e is the
absolute value of the electron charge. Our model takes into
account singly ionized positive-ion species only Zi
+
= +1.
Note that in Eq. 6 the potential 	x is negative with re-
spect to the plasma bulk.
The densities of electrons and negatively charged ions
can be approximated as
nex = noe exp− Zee	x/Te 7
and
ni
−x = ni0
− exp− Zi
−e	x/Ti
− , 8
respectively, where Zi
−
=−1 is the charge of the negative
ions. The negative ions have further been assumed static in
the repulsive potential 	x in the near-substrate area. Ac-
cordingly, the Poisson equation
ni
+x = nex + ni
−x − 	x/e0, 9
has been used to compute the density of positive ions, where
0 is the dielectric conductivity of vacuum. The space charge
carried by the nanoparticle or rarefied enough particulate
cloud is neglected in Eq. 9.
C. Sheath model
The sheath is described using a collisionless model,
which is valid when the mean free path of ions in ion-neutral
collisions mfp is much larger than the sheath width, mfp
 ls. In the case considered, mfp1 cm, whereas ls under no
circumstances even at higher substrate bias exceeds a frac-
tion of a millimeter. Using the conventional collisionless
42
sheath approach, we obtain
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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	pr
	x d	
	
= 
0
x
dx , 10
for the potential profile in the sheath, where
	= d	 /dxx=02+ 2en0 /0Je	+Ji
−	+Ji
+	+Jp,
Je	=sTeexp−Zee	 /Te−1, Ji
−	= 1−sTi
−
 exp−Zi
−e	 /Ti
−−1, and Ji
+	=2Ei1
−Zi
+e	 /Ei1/2−1 describe the contributions of the elec-
trons, negative, and positive ions, respectively. Here, Ei is the
kinetic energy of the positive ions at the sheath-presheath
edge derived from the energy conservation law and Bohm
criterion. It is also implied that the electrostatic potential and
densities and fluid velocities of the plasma species are
smooth functions of coordinate x. In Eq. 10, d	 /dxx=0
denotes the first derivative of 	x calculated in the previous
subsection. In our model this value is an external parameter
and depends on the value of 	pr and the potential profile 4
in the presheath area. The addendum Jp is the impact of
negatively charged nanoparticles levitating in the sheath
region, which has been neglected in this work. We emphasize
that the sheath width is not assumed invariable as in
many existing models in the computations and depends
on the external dc bias applied to the substrate and other
parameters.
D. Forces acting on the particle
In the model, we have included the electric, gravita-
tional, ion drag, friction, and thermophoretic forces. The
electric force Fel=−Zd	 repels negatively charged particles
from the substrate. The equilibrium nanoparticle charge Zd
was calculated by equating the microscopic electron and ion
currents31,49 valid for Maxwellian and drifted Maxwellian
distribution functions, respectively. The ion drag force
Fi
dr pushes the nanoparticle towards the substrate. The orbit
and collection components of Fi
dr are Fi
col
=niviDmivibc
2
and Fi
orb
=e2Zd
2niviD /0mivi
3
, respectively, where bc=ap1
+e2Zd /20apmivi
2 is the collection impact parameter,  is
the Coulomb logarithm, and vi= viD
2 +vTi
2 1/2.31,50 Here, viD
and vTi are the ion drift and thermal velocities, respectively.
We note that the microscopic ion current and also for both
components of the ion drag force is very sensitive to the
ratio vi /vTi, the latter being negligible in the plasma bulk,
comparable to unity in the presheath, whereas vi /vTi1 in
the sheath.49
The thermophoretic force Fth is
Fth = − thap
2nngkB  Tg, 11
where ap is the radius of a spherical particle, g is the mean
free path of the neutrals, kB is the Boltzmann constant, Tg is
the gradient of the working gas temperature, and th2.51
The gas temperature in the vicinity of the flat substrate is
assumed as a linear function of coordinate x, which is accu-
rate in the constant gas thermal conductivity and large sub-
strate surface area approximation. We have also assumed that
Fth is insensitive to variations of the neutral gas density with
temperature. The accurate description of the nanoparticle
motion in the near-substrate area requires the account of the
friction force between the grain and the neutrals,
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 This arFfr = ap
2nnmnvn,thvp, 12
where vn,th is the thermal velocity of the neutrals and vpx is
the nanoparticle velocity.51
The total force acting on the particle
Ftotx = Felx + Fi
drx + Fg + Ffrx + Fthx 13
is calculated at every spatial point −lps
x
 ls and accounts
for the dynamic variation of the nanoparticle velocity and
spatial nonuniformity of the plasma parameters and NP
charge. The force of gravity Fg is directed towards the depo-
sition substrate. However, for the particle size range consid-
ered, it appears negligible.
E. Nanoparticle dynamics
The nanoparticle velocity in the near-substrate area can
be computed by introducing the potential energy
Upotx = − 
−lpr
x
Ftotxdx , 14
where the lower integration limit has been obtained by not-
ing that Upot−lpr=0. The potential-energy profile 14 is
related to the NP velocity vpx= −2Upotx /mp1/2 and thus
quantifies the motion at every spatial point, where it was
assumed that vp−lpr=0. It is notable that the particles are
repelled from the areas with positive values of the potential
energy Upot0. In some cases considered below, the po-
tential energy becomes positive within the sheath region.
Thus, under certain parameters temperatures and densities
of the species, size of the particle, etc. the particle is not
able to reach the surface. However, if one changes one or
more parameters, the potential energy changes and can
become negative throughout the sheath. In the following, we
FIG. 6. Spatial profiles of calculated plasma and nanoparticle parameters in
of the plasma electrons dashed line, positive solid line, and negative d
coordinate c and d; and comparison of the forces acting on a nanopartic
the substrate temperature gradient. The solid, dashed, and dotted lines co
thermophoretic force on Upotx g and h. The solid, dashed, dash-dott
+5103, 0, −5103, and −104 °C/m, respectively. The computational parwill determine the optimum combination of various param-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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surface. In doing this, we assume that any parameter can be
varied independently and does not affect the others. The im-
plications of this assumption will be discussed in Sec. V.
IV. NUMERICAL RESULTS
The basic set of equations of the previous section was
solved numerically to obtain the spatial distributions of the
number densities of the plasma species, equilibrium nanopar-
ticle charge, main forces acting on the particle, and potential
energy, as well as to elucidate the optimum conditions for the
nanoparticle deposition on the surface during the discharge
operation. The electric potential in the presheath and sheath
50 grid points in each area was obtained by using Eqs. 4
and 10, respectively. The distributions of the plasma spe-
cies and the forces were calculated by using Eqs. 6–13.
The force, potential energy, and particle velocities at every
spatial point were calculated via the step-by-step routine.
The velocity from the ith grid point was used to compute the
force at the i+1th point, which, in turn, was used to obtain
the velocity at the i+1th point, and so on. To avoid un-
physical imaginary values in the computation process, the
particle velocity was set to zero in the areas with the positive
potential energy Upot.
A. Spatial distribution of species densities,
NP charge, and forces
The number densities of the plasma species in the
presheath and sheath areas for the default set of parameters
of Sec. III A are shown in Figs. 6a and 6b, respectively,
where the population of the negative ions in the plasma bulk
is 20% of the number density of positive ions. It is clearly
seen that the number density of negative ions declines much
+
resheath upper row and sheath lower row regions. The number densities
line ions a and b; corresponding equilibrium nanoparticle charge vs
 and f, calculations performed for the 100 °C/cm negative attracting to
nd to the electric, ion drag, and thermophoretic forces; and effect of the
nd dash-dot-dotted lines correspond to the following values of Tg : +104,
rs are listed in Sec. III A, unless stated otherwise.the p
otted
le e
rrespo
ed, afaster with x than ne and ni and becomes negligible while
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 This arapproaching to the plasma sheath. As Fig. 6b suggests,
ni
−ni
+
and ne
ni
+
within the sheath of the thickness ls
200 m. We recall that the presheath width in this case is
2 cm.
The spatial distributions of Fig. 6 have been used to
compute the equilibrium nanoparticle charge in both areas
shown in Figs. 6c and 6d. As our computations suggest,
the representative time for the nanoparticle to traverse the
near-substrate area p
tr10−2 s, as opposed to much shorter
characteristic time scales of the NP charging p
ch
=1/p
ch
10−5 s, where p
ch is the charging rate by microscopic elec-
tron and ion currents.49,52–55 Thus, the nanoparticle charge
dynamically reaches the equilibrium at every spatial point x.
As can be seen from Fig. 6d, the equilibrium charge can
become positive if approached close enough to the substrate.
In particular, comparing Figs. 6a and 6c, one can con-
clude that at the particle charge sign reversal point xrev
120 m one has neni
+
and the balance between the ion
and electron charging currents can no longer be maintained
by negative particle potentials.
The charge reversal effect followed by the electrostatic
attraction to the negatively charged surface can thus enable
the particle deposition to the substrate during the discharge
run. However, whether the grain can reach the critical point
xrev or not depends on numerous factors and remains a criti-
cal issue that needs to be resolved by studying the distribu-
tions of the total force 13 and potential energy 14.
Figures 6e and 6f show the results of comparison of
the three main electric, ion drag, and thermophoretic forces
in the presheath and sheath areas. From Fig. 6e, one can see
that in the presheath area the combined accelerating ion drag
and thermophoretic forces outweight the repulsive electric
force, thus accelerating the particle. Within the sheath, the
electric force is the strongest among other forces. However,
Fel reverses its direction in the vicinity of the sign reversal
point xrev, the latter being 120 m in Fig. 6f. Thus, in the
area xxrev, the total force on the particle 13 is directed
towards the wall. Our computations suggest that depending
on the plasma parameters, the particle charge can become
positive at the distances of 50–400 m from the deposition
surface. We note that Figs. 6e and 6f correspond to the
negative temperature gradient in the near-substrate area. If
the temperature gradient is positive, the combined thermo-
phoretic and electrostatic forces overcome the ion drag force
and repel the nanoparticle away from the deposition area. In
the following subsections, we will investigate the effect of
various discharge and nanoparticle parameters on the profiles
of potential energy Upotx in the near-substrate area.
B. Effect of substrate temperature
We now consider the effect of the substrate temperature
on the NP dynamics, the former being a critical factor in the
nanofilm growth kinetics. The near-substrate temperature
gradient gives rise to the thermophoretic force. Depending
on the heating regime, Fth can have different directions. This
force can be directed either from the substrate e.g., when the
substrate stage is heated or towards the substrate e.g., when
the substrate stage is chilled. Unlike other forces, the ther-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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narrow sheath area but also in the presheath. Our computa-
tions suggest that Fth is among the strongest forces in the
presheath region.
Figure 6g shows the potential-energy profiles in the
presheath area. One can see that even moderate positive gas
temperature gradients make Upot positive, thus repelling the
particle. In the sheath Fig. 6h, the maxima of the potential
profiles can be shifted up or down, without changing their
shape.
From the applications point of view, the long-range ther-
mophoretic force is promising for the efficient nanoparticle
manipulation in the near-substrate areas. We emphasize that
by varying the temperature gradient, one can significantly
change the threshold particle radius mentioned in Sec. IV E,
and under certain conditions repel the NPs from the sub-
strate, without affecting other plasma parameters.
C. Effect of discharge parameters
Further computations have been performed by using the
default set of parameters of Sec. III A and presheath 4 with
lpr=2 cm. We recall that only one parameter is varied in each
separate plot. Figure 7a shows the effect of different ionic
species on the NP dynamics. In this figure, the average
ion mass was varied from 4 amu He plasma to 40 amu
Ar plasma. It is seen that the peak values of Upot are lower
for lighter positive ions. Thus, plasmas of lighter gases,
where the ion drag forces can be stronger, are more promis-
ing for the NP deposition.
The effect of the electron temperature variation in the
range 0.2–4 eV appears to be more pronounced. From Fig.
7b one can notice that at lower electron temperatures the
charge sign reversal point xrev is shifted towards the
presheath, effectively narrowing the repelling area. This can
be attributed to different rates of decrease of the electron
density ne 7 and thus the net negative microscopic current
onto the NP’s surface in the near-substrate area at different
Te. We thus conclude that the lowest possible electron tem-
peratures e.g., solid line in Fig. 7b are favorable for the
fine particle deposition. The effect of positive-ion tempera-
ture is relatively weak.
The presence of cold negative ions leads to a very steep
depletion with x of negative species in the sheath area.
However, when Ti
− increases, the effect of negative ions
becomes more pronounced. In particular, the sheath becomes
wider and the potential-energy peak shifts further from the
sheath-presheath edge, without any significant changes in
magnitude Fig. 7c.
The presence of negative ions strongly affects the spe-
cies distribution, the sheath structure, and, hence, the overall
deposition process. As one can see from Fig. 7d, essentially
electronegative plasmas feature narrower sheath areas, with
“deeper” profiles of the potential energy in both sheath and
presheath areas. From Fig. 7e one can infer that the maxi-
mum in Upot disappears in the electron-deficient plasma.
Furthermore, Fig. 7e shows that the plasma density n0
is a crucial factor in the nanoparticle deposition process. This
is not surprising since the value of n0 controls the spatial
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 This ardistributions of the species and forces in the discharge. This
effect is most significant for high electron/ion number densi-
ties, when the sheath width and the maxima of Upot decrease
Fig. 7e. We emphasize that high-density plasmas are bet-
ter suited to control the nanoparticle deposition since rarefied
plasmas feature remarkably wider sheaths and higher
potential-energy peaks.
We have also performed a separate investigation of the
sensitivity of the potential-energy profiles and hence, the NP
deposition process to the actual value of the nanoparticle
charge. An increase in Zd leads to stronger electrostatic
forces. On the other hand, the counteracting ion drag force
also increases due to apparently larger effective cross sec-
tions for ion collection and scattering at higher Zd. There-
fore, a weak response of Upot to the nanoparticle charge that
varies within ±20% from its equilibrium value in Fig. 7f is
not surprising. This is a typical range of variations of the
equilibrium NP charge due to imperfections of the charging
model used.49
The neutral gas density also affects the fine particle dy-
namics by exerting the friction and thermophoretic forces.
Apparently, the friction impedes the deposition process and
should be reduced. If the temperature gradient is positive,
these two forces are directed away from the substrate and
contribute to the expulsion of the NP to the plasma bulk and
eventually to the pump line. However, if Tg
0, the above
forces are counteracting. Therefore, our calculations suggest
that lower working gas pressures are preferable for the NP
deposition.
Summarizing the results of this section, we stress that
the nanoparticle deposition can be facilitated by reducing the
average mass of positive ions and the number density of
FIG. 7. Potential energy for different values of a ion mass mi: the solid,
40 amu, respectively; b electron temperature Te: the solid, dashed, dash-
respectively; c negative-ion temperature Ti
− assuming ni
−
=0.2ni
+ in the plas
0.06, 0.1, 0.2, 0.5, and 1 eV, respectively; d relative density of negative i
100%; e number densities n0 of the plasma solid: 1011 cm−3, dash: 3101
nanoparticle charge variation solid: 1.2Zd, dash: 1.1Zd, dot: Zd, dash-dot: 0.
2 cm, dash: 1 cm, dot: 0.5 cm, and dash-dot: 0.25 cm; and h nanoparticle
60 nm. Other parameters are listed in Sec. III A.negative ions, and by increasing the electron temperature and
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+ in a
wide range up to 1 eV do not show any remarkable effect on
this process.
D. Effect of presheath
It is instructive to note that the NP manipulation begins
in the presheath area, where the particle is accelerated. There
are three main parameters to describe this area. The first
parameter is the value of the electrostatic potential at the
sheath-presheath edge 	pr. However, it is usually intimately
related to the plasma parameters e.g., 	prTe /2 in electrop-
ositive plasma discharges and we do not show this depen-
dence here. Second, the chosen shape of the electrostatic
potential 4 can also affect the NP dynamics. However, in
this particular example, the effect of the different distribu-
tions of 	x in the presheath on the potential-energy profiles
appears to be insignificant. In reality, the actual distribution
of 	x in the presheath is controlled by the mean free path
of the neutrals, dc bias, and the reactor arrangement and
dimensions. Third, the presheath width lpr, which is an input
parameter in our computations, does affect the locations and
values of the maxima of Upot as shown in Fig. 7g. Longer
presheath areas certainly make it easier for the NP to over-
come the potential barrier even under the same 	pr and
shapes of 	x.
E. Effect of NP size
The actual potential-energy profile is a complex combi-
nation of the discharge parameters and NP properties, such
as size and shape. We recall that the particles are assumed to
be spherical, with the equilibrium charge calculated by using
d, dash-dotted, and dash-dot-dotted lines correspond to 4, 15, 30, 27, and
d, and dash-dot-dotted lines correspond to 0.2, 0.5, 1.0, 2.0, and 4.0 eV,
ulk: the solid, dashed, dash-dotted, and dash-dot-dotted lines correspond to
i
− /n0 solid: 20%, dash: 40%, dot: 60%, dash-dot: 80%, and dash-dot-dot:
−3
, dot: 1012 cm−3, dash-dot: 31012 cm−3, and dash-dot-dot: 1013 cm−3; f
and dash-dot-dot: 0.8Zd; g different values of the presheath length solid:
s solid: 20 nm, dash: 30 nm, dot: 40 nm, dash-dot: 5 nm, and dash-dot-dot:dashe
dotte
ma b
ons n
1 cm
9Zd,
radiuthe orbital-motion-limited OML approach. To this end, the
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 This arNP radius appears to be a critical parameter for the nanoma-
nipulation purposes. Even though the potential-energy peak
for larger particles is narrower and steeper, the value of po-
tential energy at x=0 decreases with the nanoparticle size, as
shown in Fig. 7h, due to larger negative electric charge,
and, hence, NPs feature larger cross sections for the interac-
tion with directed ion fluxes. Thus, our numerical results
confirm that NPs larger than a certain threshold size can be
deposited on the surface during the discharge operation. This
is consistent with previous results suggesting that in the
submicron/micrometer size range, larger particles usually
relatively easier overcome the potential barrier near the
surface.30
V. DISCUSSION
We now discuss the implications and limitations of the
results obtained. Our particular focus in this section will be
on identifying the favorable and adverse process conditions
for the nanoparticle deposition onto nanostructured surfaces
in the PECVD of various carbon-based nanostructures.
A. NP deposition during the discharge run
Despite of a great variety of parameters that control the
PECVD process, in most cases it appears possible to identify
the threshold size of the particles that can deposit on the
surface during the discharge operation. All particles with
smaller radii will thus be repelled from the deposition sur-
face and eventually pumped away from the discharge. Ex-
perimentally observed fairly monodisperse nanoparticle dis-
tributions on the surface Fig. 2 can be explained by noting
that a typical value of the average particle velocity accord-
ing to our computations is of the order of a few cm/s. As-
suming the presheath size to be 2 cm, one can obtain that
the actual particle deposition process can take 1 s, which is
comparable with the average residence time of the major
reactive species including the nanoparticle growth precur-
sors in the discharge under experimental conditions of Sec.
II. Therefore, it is very unlikely for the particles to grow to
micrometer sizes. We can thus presume that the NPs can fall
onto the substrate shortly after reaching the threshold size,
which sheds some light on the observed NP size distributions
over nanostructured surfaces. However, traces of irregular
particle size distributions can still be found in our ongoing
experiments on PECVD of carbon-based nanostructures. One
of the reasons is that the initial NP velocities at the beginning
of the presheath, assumed negligible in Eq. 14, can in re-
ality be quite different. To this end, one would expect that
higher-quality nanostructured films with size-monodisperse
nanoparticle distributions can be deposited in plasma reac-
tors with smaller active nanoparticle-generating areas. Fur-
ther studies are needed to find out the relation between the
threshold nanoparticle radius, their actual residence time in
the discharge, and reactor geometry.
B. Thermophoretic manipulation of NPs
Our results suggest that the temperature-gradient-
controlled deposition conditions and the size-sensitive struc-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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mately related through the NP potential-energy profile in the
near-substrate area. In particular, each value of TG corre-
sponds to the specific distribution functions of the radii of
the nanoparticles observable on the nanostructured carbon
surfaces, as evidenced by the experimental points in Fig. 8.
Specifically, the maxima of the NPRDFs increase with the
TG. On the other hand, numerical results also suggest that
the minimum size of the particles that can deposit during the
discharge run also increases with the TG solid curve in Fig.
8. Thus, both experimental and numerical results evidence
that higher temperature gradients and hence stronger coun-
teracting thermophoretic forces make it more difficult for
smaller NPs to deposit on the surface during the discharge
run. From Fig. 8, one can notice that despite similar qualita-
tive tendencies, the discrepancy between the experimental
and numerical results is quite large. The main reason for this
difference is the uncertainty in the plasma and working gas
parameters that were not thoroughly measured during the
PECVD process. To this end, the numerical results of Sec. III
can serve as quantitative indicators of sensitivity of the NP
deposition threshold e.g., minimum size in Figs. 7h and 8
to the plasma and process parameters.
Another application of this effect is attraction of the
nanoparticles to the surface by creating a negative tempera-
ture gradient over the substrate. Thus, the temperature of the
substrate should be kept lower than that of the gas above. In
this case the substrate is predominantly heated due to the
plasma ion bombardment. It appears that in our experiments
there is no need to additionally cool the substrate down e.g.,
by a special built-in chiller as the nanoparticles can deposit
on the surface when the heater is turned off. This can be
explained by noting that the substrate is positioned at the
center of the plasma chamber, whereas the rf coil is located
on the top of the chamber. The gas below the substrate stage
is weakly ionized and rather cold. Thus, the thermal conduc-
tivity between the substrate holder and the bottom end plate
of the chamber appears to be sufficient to efficiently cool
down the substrate and in certain cases maintain Ts lower
FIG. 8. Experimentally measured NPRDF maxima for different heating
powers  and computed minimum size of the NPs able to deposit on the
substrate solid line.than the working gas temperature.
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 This arC. Experimental versus numerical values
of temperature gradient
Direct in situ measurements of the temperature gradient
in the near-substrate areas by the TGP provide invaluable
data for the modeling of the thermophoretic force-controlled
nanoparticle manipulation in the process of PECVD of vari-
ous carbon nanostructures. Indeed, as can be seen in Fig. 4,
typical values of the gas temperature gradient are negative
and their absolute values are within the range of 43–67
103 °C/m. This justifies the choice of the values 0, 5
103, and 104 °C/m of Tg in Figs. 6g and 6h. One
can thus infer that the dash-dot-dotted curve in Fig. 6h is
the closest approximation to the experiment. We emphasize,
however, that the temperature gradient was assumed uniform
in the computations, which can be deemed fairly accurate at
larger distances from the substrate holder dashed curve in
Fig. 4b but fails when the thermocouple tip approaches
closer to the surface solid curve in Fig. 4b.
D. Optimized parameters for nanoparticle deposition
Following the computation results, we can summarize
that a high-density plasma, with the low electron tempera-
ture, and high number density of a lighter feedstock gas e.g.,
He is the best environment for the NP deposition onto the
surface. The minimum radius of the particle able to reach the
surface is ap
min
=30 nm under the following set of the dis-
charge parameters: nn=1020 m−3, Te=1 eV, n0=1018 m−3,
Ti=0.1 eV, and without the presence of negative ions. These
values are representative of our experiments on PECVD of
various carbon nanostructures.34–37
It is notable that by changing any parameter in the com-
putation, one can modify the potential-energy profiles. How-
ever, variation of some of the parameters, such as the elec-
tron temperature or gas temperature gradient, affected Upot
much stronger than the variations of other parameters. This
conclusion can certainly be used for the optimization of the
PECVD process. For example, aiming at selective deposition
of the NPs in the 20–30 nm range, one should use a lighter
gas, such as helium or argon/helium mixture as a hydrocar-
bon diluent gas. This possibility follows from the results of
Fig. 7a. However, due to relatively high ionization poten-
tials of He, the discharge maintenance would require higher
rf input powers, which, in turn, can lead to overheating of the
gas feedstock and deposition surfaces and possibly compro-
mise the film quality. On the contrary, large amounts of eas-
ily ionized argon facilitate the discharge maintenance with
reasonably low rf powers but increase the threshold size for
the nanoparticle fallout.
In the above, we have assumed that when any selected
parameter is varied in computations, all other parameters do
not change. In reality, variation of any particular parameter
usually results in readjustment of the other discharge and
particle parameters, which should be accounted for in future
self-consistent discharge models. For example, elevated elec-
tron temperatures usually lead to higher ionization/
dissociation rates, and hence, higher number densities of the
species produced via electron-impact collisions. Meanwhile,
Te also affects the equilibrium nanoparticle charge. Thus, our
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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tion of the self-consistent problem of the plasma-surface
interactions during the PECVD of various carbon nano-
structures.
E. Comparison of main forces
According to our computations, the major forces in the
presheath region are the ion drag, thermophoretic, and fric-
tion forces. In the sheath region, the ion drag and thermo-
phoretic forces are outbalanced by the electrostatic force, the
latter creating a repulsive electrostatic barrier. As was men-
tioned above, the ion drag force upon micron-sized grains
can become strong enough to outbalance the repelling elec-
tric force.30 For this reason, the deposition of the nanosized
particles during the discharge run has previously been
deemed unlikely. However, under certain conditions the
thermophoretic- and ion-drag-driven acceleration of NPs in
the presheath area makes this possible. In the particle size
range of our interest here, the neutral drag and gravity forces
are relatively small and can be neglected. It is also notable
that the shape of the plasma-grown nucleates and agglomer-
ates can affect the forces acting upon them. This effect has
been sidestepped here since the effects of irregular nanopar-
ticle shapes are usually rather weak within the validity limits
of the OML approximation.
F. Static versus dynamic description
Previous studies elucidated typical profiles of the poten-
tial energy of a single micron-sized particle in the vicinity of
a floating-potential negatively charged wall.30 In the “static”
deposition model that assumes a negligibly small particle
velocity, the deposition condition requires a steady slope of
the potential energy Upot. This requirement can be satisfied
for large enough particles, being 4 m for the set of pa-
rameters used in computations.30 In this case, a smaller par-
ticle will be trapped in the vicinity of the minimum of po-
tential energy. Thus, if we used the static approach, we
would have then expected that the minimum fine particle
radius to overcome the potential barrier in the plasma sheath
belongs to the same size submicron to micron range. How-
ever, by using the “dynamic” approach, wherein the particle
velocities and plasma forces are calculated on a point-by-
point basis, we have concluded that the fine particles capable
to overcome the potential barrier and deposit on the substrate
surface during the discharge run can be much smaller, typi-
cally in the few tens of nanometers range. Generally speak-
ing, the dynamic approach allows one to reduce the threshold
particle size by a factor of 100 for the parameters of our
experiments. Physically, the nanoparticles can overcome the
electrostatic repulsion in the sheath area because of signifi-
cant momentum accumulated in the presheath area.
G. Role of negative ions and macromolecules
The presence of negative ions in the discharge also af-
fects the potential-energy profiles. As can be seen from Fig.
7e, the maxima of Upot are shifted towards the plasma bulk
at higher densities of negative ions. It is notable that the
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 This armicroscopic currents of negative ions are usually weak com-
pared to the electron and positive-ion currents.31 However,
they cause an imbalance between the densities of the elec-
trons and positive ions, and hence, modify the nanoparticle
charging conditions. On the other hand, appreciable amounts
of heavier macromolecules in the discharge can result in
higher potential barriers. This conclusion can be drawn by
noting that the effective mass of ion species is somewhat
higher in reactive plasmas with larger populations of heavier
ions. However, we believe that the effect of macromolecules
is weak under conditions of our experiments due to relatively
weak clustering and polymerization rates in methane
plasmas.2 Unfortunately, it is quite difficult to control this
process in practical applications.
H. Effect of other NPs and charge variation
In the above discussion, we have assumed that a single
particle is charged by the OML electron and ion currents and
moves through the near-substrate area free of other NPs.
However, it is quite possible that in the actual PECVD pro-
cess a test nanoparticle e.g., with the size suitable for depo-
sition has to traverse a cloud of solid particles levitated in
the vicinity of the substrate. In this case, the negative charge
stored by the cloud will effectively reduce the electron num-
ber density, and hence, the charging currents onto the surface
of the test nanoparticle.56 The absolute value of the NP
charge, and hence, the potential barrier, will thus be reduced,
which facilitates the motion of the test particle towards the
substrate.
One can conclude that the confinement of the particle
cloud in the vicinity of the substrate can be favorable for the
success of the test particle incorporation into the nanostruc-
tured film being grown. However, the cloud should not be
too dense to impede the test NP motion by strong interpar-
ticle collisions. Another important process that can reduce
the negative charge on the particle is related to photo-
induced electron detachment, which becomes more pro-
nounced when the NP size becomes smaller, the latter re-
duces the effective work function of the surface.
However, some other processes, such as the delayed par-
ticle charging,57 can contribute to the buildup of larger
amounts of negative charge on nanoparticles. Physically, the
time required for the NP to acquire the equilibrium charge is
finite, which results in complex oscillatory motions that can
eventually cause the NP fallout onto the substrate. In our
model, this effect can be accounted for by assuming higher
values of Zd at every spatial point in the presheath-sheath
area. It is quite possible, however, that the actual NP charge
can be fairly accurately described by the OML model since
some of the additional factors discussed above can compen-
sate each other.
In our calculations it has also been found that smaller
negative charges on the particles can reduce the potential
barrier and enable the NP deposition. For example, reduction
of Zd by only 5%–10% is often sufficient to enable the NP
landing on the surface, otherwise impossible under the same
conditions if the charge were calculated by using the OML
approach. On a positive note, in the 20–30 nm size range,
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
131.181.251.131 On: Mon,one can expect charge fluctuations of the order of 5%–10%
around the equilibrium value,2 which can increase the likeli-
hood of the NP deposition on the surface. To conclude this
section, we note that we did not account for NP polarizabil-
ity, fine electronic structure, and charge fluctuation effects,
which are most important in the NP size range of a few
nanometers not considered here.2
VI. CONCLUSION
Formation of fine particles in reactive plasmas is a com-
plex and dynamic process. Precise manipulation of a large
number of nanosized particles during the discharge operation
is a challenge for scientific and industrial applications. The
solution of this problem can be achieved by adjusting the
discharge parameters that control the deposition of the par-
ticles through the dynamic balance of forces in the vicinity
of the deposition substrate. In the context of our PECVD
experiments, the size-selective nanoparticle deposition onto
the nanostructured surface can be achieved by tailoring the
potential-energy profiles in the near-substrate areas.
By means of direct in situ measurements of the near-
substrate gradients of the working gas temperature and nu-
merical simulation of the NP motion in the vicinity of the
deposition substrate under the action of various plasma
forces, we have performed a comprehensive investigation of
the effect of various factors that affect the nanoparticle depo-
sition process. Our results can be used to select and optimize
the two with and without nanoparticle incorporation into the
films different regimes of PECVD of various carbon nano-
structures.
For example, a balanced combination of higher operat-
ing pressures, lighter gas feedstock, lower temperatures of
ions and electrons, and longer presheaths would provide the
optimized conditions for the nanoparticles to reach the sur-
face. However, in real experiments, it is quite difficult to
vary one of the above parameters without affecting the oth-
ers. Only fully self-consistent discharge models that relate
the plasma parameters to the discharge control parameters
can give the optimal solution for the process optimization.
Nonetheless, our simple, yet physical model allows one to
estimate the sensitivity of the actual potential-energy profiles
to variations of the most important plasma, nanoparticle, and
film deposition parameters.
To this end, a reasonable approach for the nanoparticle
manipulation can be based on the selection of a certain pa-
rameter that satisfies the following criteria: i affects Upot;
ii does not significantly perturb the plasma parameters; and
iii can be varied fairly independently from other process
parameters. Our results show that the near-substrate tempera-
ture gradient does satisfy all the above requirements. First,
the effect of Tg on Upot is remarkable as can be noted from
Fig. 6h. Second, this parameter mostly affects the neutral
gas through the temperature gradient-controlled thermo-
phoretic force. Third, the value of Tg can be independently
controlled by the external heating/cooling of the substrate
stage. Moreover, the nanoparticle size distributions on the
nanostructured deposition surface can be controlled by the
heating power as suggested by the results in Fig. 2. Interest-
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 This aringly, the NPs of a certain size can deposit on the surface
even without any external substrate heating. We expect that
additional cooling of the substrate can accelerate the nano-
particle deposition process, which will be tested in our future
experiments.
On the other hand, one can also use the thermophoretic
force to manipulate the NPs in the applications that consider
the plasma-grown fine particles as unwanted contaminants.
For example, it is commonly believed that ordered carbon
nanotip structures are grown by atomic, molecular, and radi-
cal units rather than by using the plasma-grown nanopar-
ticles. In this case, the thermophoretic force can efficiently
repel the NPs even in the presheath area. An important dis-
tinctive feature of this force is its long range that can extend
beyond the presheath area in the plasma bulk. However, cer-
tain practical limitations can arise due to the limited power
of the substrate heater and thermal properties of the substrate
stage. Finally, the dimensions and layout of the chamber and
substrate stage can be tailored to confine and eventually di-
vert the particles to the pump line.
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